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Abstract 
Four different materials used for the production of ski boots have been analyzed in order to determine their performance in the 
thermo-formation process used to modify the shape of ski boots and therefore improve their comfort. As a first step, the chemical 
composition and the thermo-mechanical properties have been analyzed pointing out that materials based on a blend of nylon with 
methacrylate ionomers provide the largest decrease of the storage modulus at 80°C. The results of the thermo-formation process 
indicate that the boot based on the methacrylate ionomer has the larger deformation after the thermo-formation process and the 
lowest memory effect. These results indicate that the decrease in modulus from 0°C to 80°C is the most important factor to be 
considered in order to obtain a more consistent and permanent modification of the boot shape. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the School of Aerospace, Mechanical and Manufacturing Engineering, RMIT University. 
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1. Introduction 
Ski boots are made of a rigid plastic outer shell that provides protection against impacts and transmit the forces 
from the skier to the ski to control the trajectory of the skier. Every foot has a different shape and pressure points 
can be present when a foot is inserted in a shell that is not anatomically compatible with the foot. For this reason, in 
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the last few years, ski boot producers have developed new materials and methods to adapt the shape of the outer 
shell of the boot to the skier anatomy (thermo-formation) [1]. The thermoplastic properties of the polymers used for 
the construction of ski boot shells can be in principle used to modify the shape of the boot [2]. 80°C is the maximum 
temperature that can be used in this process in order to avoid burnings on the skier’s feet. However, thermoplastic 
polymers decrease their stiffness with temperature differently, depending on their chemical composition, melting 
temperature and crystallinity [1]. Moreover, all thermoplastic materials present a memory effect and the shape tends 
to partially return to its initial form in a few days [2]. For this reason, new polymeric systems have been developed 
in order to obtain materials with optimized softening temperatures and low memory effect. In particular, Salomon 
Sports has patented [3] the use of a blend of polycaprolactone with polyurethane (called Custom Shell Plastic) in 
order to decrease the softening temperature of polyurethanes. The DMTA analysis reported in the patent [3] shows 
that the polymer blend displays a decreased softening point without significantly affecting the stiffness below 40°C. 
More recently, Fischer GmbH has patented [4] a blend of Nylon with a ionomer (polymer containing ionic groups), 
named Vacuum Plastic, to obtain a material that becomes very soft at 80°C and could be shaped around the skier’s 
foot applying an external pressure with a dedicated apparatus that involves a sealed bag that produces a pressure on 
the ski boot. The difference between this method and the method previously reported by Salomon consists in the fact 
that in this case the shell is adapted by external pressure on the skier’s foot, while in the method patented by 
Salomon the force to deform the plastic is applied by the foot inside the boot.  
It is well known [1] that the polymeric materials used for the construction of shells have a significant effect on 
the overall performance of ski boots [5]. Dynamical mechanical thermal analysis (DMTA) has been used to predict 
the flexural and rebound performance of ski boots [5] on the basis of the properties of the plastics employed in the 
construction of the boot. 
A comparison between different plastic materials in the thermoforming process (in terms of deformation and 
memory effect) of ski boots has never been reported in the literature. For these reasons, in this paper we report a 
study of the thermo-formation process of the materials used for the production of thermo-formable ski boots 
analyzing the effect of the chemical composition and of the thermo-mechanical properties on the thermo-formation 
process. 
2. Materials and methods  
Four different types of ski boots, which are claimed by the producers to be thermo-formable, have been tested. 
All boots were in size 26.5 Mondopoint. The plastic name given by the manufacturer, the external maximum width 
(called Last [1]) and the nominal flex index (nFI, which is the value of the flex index provided by the manufacturer 
and that has no correlation between different manufacturers [6]) are reported in Table 1. Boot 1 and 2 had the same 
internal and external dimensions since have been obtained by the same mold. Boot 3 was composed of two parts 
with two different values of hardness, with a stiffer yellow part on the lower section of the shell and a softer white 
part in the upper section of the shell (Fig. 1). The same type of liner was used in all tests. The liner used was not 
thermo-formable in the temperature range employed in the present study. 
Table 1: characteristics of the ski boots tested 
 Plastic name External maximum width (mm) nFI 
Boot 1 TPU 109 120 
Boot 2 PTL 109 100 
Boot 3 Custom shell 110 120 
Boot 4 Vacuum plastic 110 130 
The chemical composition has been determined by Fourier transform infrared spectroscopy (FT-IR) with a Perkin 
Elmer Spectrum One instrument, using an Attenuated Total Reflectance (ATR) detector. The crystallinity and 
melting temperature have been measured by differential scanning calorimetry (DSC) using a Perkin Elmer DSC6 
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using a heating rate of 20°C/min from 0°C to 240°C. The Shore D hardness of the materials was measured 
according to ISO 878 at 23°C. 
The softening of the plastic materials has been studied measuring, by DMTA analysis, the storage modulus (E’) 
in a temperature range from -120°C to 120°C. The tests have been performed with a Rheometrics dynamic mechanic 
thermal analyser DMTA-3E model with a single cantilever bending geometry on samples of 25x2x6 mm, using a 
strain of 0.1%, a frequency of 10 Hz and with a scan rate of 3°C/min. DMTA has been performed applying an 
oscillatory force to the sample and analysing the response as a function of temperature. Due to the visco-elastic 
nature of the polymers tested, a sinusoidal stress induces a sinusoidal strain consisting of an in-phase or elastic part 
(E’, storage modulus), and an out-of-phase or viscous part (E”, Loss modulus). The ratio between E” and E’ is 
called tanG and gives an indication of the damping behaviour of the material. DMTA analysis has also been used to 
predict ski boot performance (flex and rebound speed) measuring the storage modulus and tanG, of the materials 
according to a previous work [5]. The change in shape of ski boots has been measured using a foot prosthesis (size 
26.5 Mondopoint) modified with a deformation in the internal part (Fig. 1). The prosthesis was inserted in the ski 
boot after heating the shell at 80°C for 10 minutes, which are the suggested thermo-formation time and temperature 
given by ski boot producers, using a K-Tech Oven, model TFHS-1CH, with a power output of 2300W. The 
prosthesis was kept in the boot at room temperature for 10 minutes and then extracted from the boot. The width of 
the boot was measured in 7 different points (Fig. 1) at the end of the process, after 24 hours and after 1 week, in 
order to determine the shape memory effect of the material.  
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
Fig 1. Prosthesis with modified shape used in the tests and points in which the enlargement was measured. 
3. Results  
The chemical composition of the plastics used for the ski boot shells was analyzed by FT-IR analysis (Fig. 2). 
The pattern of the peaks and in particular the presence of a signal at 1591 cm-1 indicates that boot 1 and boot 3 are 
mainly composed of a thermoplastic polyurethane (TPU) based on methylene diphenyl diisocyanate and polyether 
soft blocks [1]. Both parts (yellow and white) of boot 3 have identical FT-IR patterns, indicating that the two 
materials have the same chemical compositions. The FT-IR spectrum of boot 2 shows the presence of polyethylene 
and polypropylene in blend with a rubber containing styrene blocks. In particular, the presence of styrene-based 
units is evidenced by the presence of signals at 1643 and 698 cm-1 [1]. The presence of a rubber in the polyolefine-
based blend of boot 2 and of polyether blocks in polyurethanes are necessary to have good impact properties at low 
temperatures. No significant amounts of polycaprolactone were found in boot 3 by FT-IR analysis. Boot 4 presents 
signals at 1640 and 1542 cm-1 typical of polyamides and a peak at 1697 cm-1 ascribable to methacrylic acid 
ionomers. The thermal properties of the polymers have been analyzed by DSC (Fig. 3). This type of analysis 
provides information on the chemical composition and on the temperature at which the polymer melts. The DSC 
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curves in Figure 3 show that boot 4 presents two melting peaks, indicating the presence of a blend of two polymers. 
In particular, the low temperature peak at 69°C can be ascribed to the methacrylate-based ionomer, while the second 
melting peak at 220°C indicates that the polyamide that compose the polymer blend is based on Nylon 6. The high 
enthalpy of melting of the low-temperature endothermic peak indicates that the amount of ionomer is consistent in 
the plastic material used for boot 4. Ionomers are well known to decrease their viscosity in a very narrow 
temperature range due to the efficient break of the ionic interactions between polymer chains [4]. The plastic used 
for boot 2 presents a glass transition temperature at 50°C, which can be associated with the presence of styrenic 
groups in the elastomer used to increase the low temperature impact resistance of polyolefines. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 2. FT-IR of the plastics used for the tested boots. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 3. Differential Scanning Calorimetry first heating scan at 20°C/min. 
 
The DMTA analysis (Fig. 4) indicates that all the plastics used have similar moduli in the temperature range at 
which skiing is performed (from -20°C to 20°C) but with a significant difference at 80°C for the plastic used for 
boot 4, which has a more consistent reduction in stiffness compared to the other materials. The moduli at 0°C and at 
80°C are reported in Table 2 along with the melting temperatures and enthalpies of melting ('Hm). The results in 
Table 2 and Figure 4 indicate that at the thermo-formation temperature (80°C) the materials used for Boot 1-3 have 
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similar stiffness while the plastic used for Boot 4 has a modulus that is 25% lower than the other materials. The DSC 
analysis indicates that polyurethane and polyamides have the highest melting temperatures. The two materials used 
for boot 3 (that have the same endothermic peaks temperatures and intensities) present a small melting peak at 76°C 
(with a 'H of 1.5 J/g), which does not significantly affect the behavior of the material in terms of stiffness decrease 
at higher temperatures. On the contrary, the material used for boot 4 has a large endothermic transition at 69°C that 
has a significant effect in decreasing the stiffness of the material above this temperature. The values of the 
tanGmeasured at 0°C are similar for all boots. 
 
 
 
 
 
 
  
 
 
 
 
 
Fig 4. Storage modulus temperature dependence for the plastics used for the boots (for boot 3 the white softer part is reported). 
 
Table 2. Characteristics of the materials used for the shells of the boots tested 
 Type of material E’ at -0°C 
(MPa) 
E’ at 80°C 
(MPa) 
Hardness at 23°C 
(shore D) 
TanG at 
0°C 
Tm1 
(°C) 
'H1 
(J/g) 
Tm2 
(°C)
'H2 
(J/g) 
Boot 1 polyurethane 485 45 59 0.137 206 9.8   
Boot 2 polyolefin 452 44 53 0.129 158 26.1   
Boot 3 polyurethane 380/470 47/49 55/60 0.162/140 76 1.5 180 21.3 
Boot 4 Nylon/ionomer 370 11 58 0.119 69 27.3 221 16.7 
The enlargements measured after heating the boots for 10 minutes at 80°C are reported in Table 3 along with the 
decreases in width of the boots, due to memory effect, after 24 hours and 1 week. The results indicate that all the 
boots present a significant modification. In particular, a deformation of at least 9 mm was present in all cases in 
correspondence of the maximum of the deformation in the foot prosthesis (point 7 in Fig. 1). The results also 
indicates that boot 4 has the largest deformation. Nevertheless, the small differences with the other boots indicates 
that also polyurethane and polyolefines based polymers are suitable for the thermo-formation process used in this 
study. Boot 4 also presents the lowest memory effect compared to the other boots. Boot 3 (that is the only one 
composed of materials of two different degree of stiffness) presents the second highest deformation in point 7 and 
the lowest average deformation. This result indicates that the softer part (where point 7 is located) is more thermo-
formable with respect to the stiffer part on lower shell (where the other 6 points are located). The softer part also 
suffers of a more consistent memory effect compared to the harder part. 
Table 3. Enlargement after the end of the thermo-formation process and recovering ratio toward the initial shape 
 Point 7 after 
thermo-formation 
Average after 
thermo-formation 
Average recover 
24 hours 
Average recover 
after 7 days 
Recover in Point 7 
after 7 days 
Boot 1 9.0 mm 3.0 mm 23% 38% 16% 
Boot 2 9.9 mm 3.4 mm 27% 33% 17% 
Boot 3 11.4 mm 2.4 mm 30% 33% 26% 
Boot 4 11.8 mm 3.4 mm 24% 28% 12% 
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4. Discussion and Conclusions 
The boots tested in the present study were chosen from different manufacturers with the aim to have boots with a 
similar width in the largest part of the boot and a similar nominal flex index (even if this value has no quantitative 
significance [6]). Indeed, there is no producer that commercializes the same model of ski boot made of all of the 
four plastic materials analyzed in this study. The chemical analysis has defined the exact chemical composition of 
the polymers and the DSC analysis has defined that the plastic of boot 4 presents a melting peak at 69°C that 
decrease the stiffness of the material at higher temperatures. All the other materials have their main melting peak 
above 150°C. For these reasons, the materials used for boot 4 has a more significant decrease of modulus form 0°C 
to 80°C and present a modulus at 80°C that is 25% lower with respect to those of the plastics used for boots 1-3. 
This behavior can be ascribed to the chemical composition of boot 4 that is a blend of a ionomer (that becomes very 
fluid at temperatures above 70°C) and of a polyamide with a high melting temperature (220°C). Therefore, the 
material decreases its stiffness above 70°C, but retains a sufficient dimensional stability due to the presence of the 
polyamide part. Boots 1 and 3, based on TPU, have the highest melting temperatures and the highest stiffness at 
120°C. This indicates that, if the temperature exceeds the correct thermo-formation temperature due to malfunctions 
of the heating systems, these boots suffer of the lowest probability to be damaged due to the partial or complete 
melting of the plastics. Moreover, they should suffer of less deformation in the thicker zones of the boot which are 
those in contact with the binding and that must have well determined dimensions according to ISO 5355. All the 
boots have similar storage moduli in the range from -20°C and +20°C and similar tanG values at 0°C and therefore, 
according to the literature [5], similar flexural stiffness and rebound behavior of the boots are expected at those 
temperatures.  
The results of the thermo-formation process conducted using a modified prosthesis indicate that the boot made of 
the material with the lower modulus at 80°C (boot 4) is the one with more deformation after the process. 
Nevertheless, also the other three boots present significant shape modifications, in particular in the point of 
maximum width of the prosthesis (point 7). These results indicates that in a thermo-formation process that is 
conducted only using the pressure exerted by the foot inside the boot, also materials like those used in boots 1-3 can 
produce significant shape modifications. On the contrary, in a process based on the application of an external force 
(e.g. like the method reported in reference 4) it is necessary to have a material with a more significant stiffness 
reduction at 80°C (e.g. that used for boot 4) due to the lower pressure employed in the process. However, the 
material used for boot 4, due to its low stiffness at 80°C could suffer of deformation also of the parts in contact with 
the binding. The comparison of the two parts with different stiffness of boot 3 indicates that softer materials present 
a more significant shape modification after the process. However, the softer part also presents a more consistent 
memory effect. 
This work is a preliminary step that has been necessary to define the chemical and physical parameters of the 
plastics to be used for the thermo-formation process. The work will be completed in the future with the study of the 
effect of different thermo-formation conditions and processes (temperature, time, cooling rate, type of pressure 
applied etc.) and with the measure of the performance of the ski boots (flex index and rebound speed). 
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